PDB Reference: ARF1 GTPase, 3lrp.
Introduction
The protozoan parasite Plasmodium falciparum was responsible for over 90% of the approximately one million deaths from malaria in 2008 (World Health Organization, 2009 ). During the intraerythrocytic stage of the parasite's life cycle, parasite-specific proteins are exported to the erythrocyte cell membrane and surface, resulting in significant modification of these sites. These alterations provide a strategic advantage for the survival of the parasite and are responsible for some of the pathophysiology of malaria (Deitsch & Wellems, 1996; Crabb et al., 1997; Craig & Scherf, 2001) . Despite the significance of protein export in Plasmodium, its mechanism is still not known (de Koning-Ward et al., 2009) .
The mature erythrocyte has no lipid-or protein-trafficking machinery. In erythrocytes infected with P. falciparum, the parasiteencoded trafficking machinery is involved in importing nutrients from outside and secreting and exporting proteins and other macromolecules beyond the parasite and the surrounding parasitophorous vacuole membrane to remodel the erythrocyte (Foley & Tilley, 1998; Wiser et al., 1999; van Dooren et al., 2000; Cooke et al., 2000; Boddey et al., 2010) . Trelka et al. (2000) presented evidence for vesiclemediated trafficking of Plasmodium proteins to the cytosol and surface membrane of infected erythrocytes. Consistent with the above findings, elements of the classical vesicle-mediated secretory pathway for the export of proteins are present within the parasite cytoplasm (Taraschi et al., 2001) and several proteins or genes encoding putative proteins have been identified. These include homologues of endoplasmic reticulum (ER) calcium-binding protein (La Greca et al., 1997) , a number of Rab GTPases (reviewed in Quevillon et al., 2003) , multiple ADP-ribosylation factors (ARFs; Stafford et al., 1996) and ARF-like proteins (http://plasmodb.org/), ARF GTPase-activating protein (ARFGAP; Senkovich & Chattopadhyay, 2004 ) and an ARF GTPase-exchange factor (ARFGEF; Baumgartner et al., 2001) . Since protein trafficking plays a crucial role in the life cycle of the parasite and the ensuing disease, analyzing the structure and function of the trafficking machinery of Plasmodium is of considerable importance. Previously, we have determined the three-dimensional structures of P. falciparum Rab6 (Chattopadhyay et al., 2000) One of the main functions of ARF1 is to regulate the trafficking of vesicles that bud from the cis-Golgi compartment; this function is dependent on controlled GTP binding and hydrolysis. Binding of GTP activates ARF1, which mediates the recruitment of coat protein I (COPI) proteins to the membrane; COPI proteins dissociate upon hydrolysis of GTP to GDP, a step catalyzed by ARFGAP. ARFGEF subsequently mediates dissociation of GDP. Interestingly, expression of P. falciparum arf1 mRNA reaches its maximum level at the time of the development of merozoites, so that the peak in msp1 mRNA expression [for merozoite surface protein 1 (MSP1), the major protein on the merozoite surface] follows that of arf1 mRNA expression. Based on these data, Stafford et al. (1996) speculated that PfARF1 may be involved in the transport of MSP-1 from the ER on the way to the merozoite surface. Moreover, Leber and coworkers showed an additional role of PfARF1 in the activation of a potentially unique calcium-signaling mechanism (Leber et al., 2009 ). ARFs and ARF-like proteins have also been shown to play essential roles in other protozoan parasites (Liendo et al., 2001; Price et al., 2007) . Recently, the crystal structure of ARF-like 1 from Leishmania major has been deposited in the Protein Data Bank (PDB code 2x77; Fleming et al., 2010) . Here, we describe the crystal structure of P. falciparum ARF1 (PfARF1) in the GDP-bound form and compare this structure with those of mammalian ARF1s.
Materials and methods

Expression and purification
The coding sequence for full-length PfARF1 (residues 1-181; Stafford et al., 1996 ; gene name ARF1; GenBank accession No. Z80359; P. falciparum strain 3D7) fused with an N-terminal GST tag was expressed in Escherichia coli BL21 (DE3) cells. The recombinant protein was purified from soluble bacterial extract using affinity chromatography on a GST-Sepharose column (Pharmacia) and was eluted with reduced glutathione in 1Â PBS containing 10 mM DTT. The purified protein was dialyzed extensively against PBS containing 1 mM DTT and was incubated with recombinant factor Xa (Pharmacia) overnight. Cleavage of the GST tag was monitored by SDS-PAGE. Traces of intact fusion protein and the cleaved GST tag were removed by passing the incubation mixture over a small GSTSepharose column. The unbound protein was concentrated and subjected to size-exclusion chromatography on a Superdex 75 (16/30; Pharmacia) column pre-equilibrated with 50 mM Tris-HCl, 0.1 M NaCl pH 8.0.
Crystallization and data collection
Purified PfARF1 was concentrated by ultrafiltration on an Amicon YM10 membrane to a final concentration of 30 mg ml À1 . Initial crystallization conditions were identified using Crystal Screen reagents (Hampton Research) at room temperature and 277 K. Crystals suitable for X-ray diffraction analysis were grown by the hanging-drop vapor-diffusion technique at 277 K using 1.5 M ammonium sulfate and 5 mM magnesium chloride in 0.1 M Tris-HCl buffer pH 7.5. These crystals belong to space group C222 1 and have unit-cell parameters a = 45.73, b = 147.28, c = 64.23 Å . There is one molecule per asymmetric unit. X-ray diffraction data were collected using a MAR CCD on synchrotron beamline IMCA 17D at the Advanced Photon Source (APS; Argonne National Laboratory). The calculated values of V M and the estimated solvent content were 2.58 Å 3 Da À1 and 52%, respectively.
Structure determination and refinement
The structure of PfARF1 was solved by molecular replacement, using the structure of full-length human ARF1 (hARF1; PDB code 1hur; Amor et al., 1994) as the search model. Although the two switch regions in PfARF1 are considerably different from those in hARF1, the difference electron-density maps allowed the model to be rebuilt in these regions. Model building was performed using the computer program Coot (Emsley & Cowtan, 2004) . In the latter stages of refinement, a difference electron-density map clearly showed the positions of the GDP molecule and the magnesium ion (Fig. 1) .
The structure was refined by simulated annealing using CNS (Brü nger et al., 1998) by Engh & Huber (1991) . No cutoff was applied to the data. 10% of the PfARF1 data were randomly selected and removed prior to refinement for analysis of the free R factor (Brü nger, 1992). The progress of the refinement was guided by a decrease in both the conventional and free R factors. The 'water_pick' subroutine in the CNS program package was used to identify probable water molecules at locations where the peak height in the difference electron-density (F o À F c ) map was at least 3 and the position satisfied the stereochemical criteria for hydrogen bonding. Individual B factors were included in the final refinement. Differences in temperature factors between connected atoms were restrained. Atomic coordinates and structure factors have been deposited in the Protein Data Bank (PDB code 3lrp).
Results and discussion
Structure of PfARF1
The final PfARF1 model includes residues 1-181, GDP, magnesium and sulfate ions and 91 water molecules. Validation with MolProbity (Chen et al., 2010) revealed a clash score of 19.07 (75th percentile for 271 structures in the resolution range 2.50 AE 0.25 Å ) and an overall score of 2.09 (93rd percentile for 6960 structures in the resolution range 2.50 AE 0.25 Å ). Table 1 shows a summary of the data-collection and refinement statistics for PfARF1.
PfARF1 contains a seven-stranded -sheet surrounded by six -helices and its overall structure is similar to those of other ARF1 proteins cocrystallized with GDP (Fig. 2) . The electron density for the residues in the GDP-binding site as well as the GDP molecule, the Mg 2+ ion and associated water molecules was excellent (Fig. 1) . The GDP molecule is located in a highly conserved nucleotide-binding pocket. The interaction between GDP and the protein is similar to those in other GTPases. Nine residues are involved in a total of 13 hydrogen-bond contacts and two water molecules contribute three additional hydrogen bonds to the GDP molecule. The squarepyramidal coordination sphere of Mg 2+ includes the -phosphate O atom of GDP, the hydroxyl O atom of Thr31 and three water molecules (Fig. 1) . One of the coordinating water molecules is hydrogen bonded to Asp67. The equivalent residues in hARF1 (Asp67) and in RasGTPase (Asp57) play a similar role as an 'indirect metal coordinator' (Amor et al., 2004; Halkides et al., 1994) . There is a cavity filled with water molecules near the GDP-binding site in the PfARF1 structure. On reviewing published ARF1 structures, we observe that this cavity and the water molecules are conserved.
A distinctive feature of the structure of the members of the ARF family compared with all other small GTPases is the presence of a helix at the N-terminus. This characteristic amphipathic helix is critical for the biological functions of ARFs. In the native form the N-terminal glycine (residue 2) is modified by the addition of a myristoyl group. This chemical modification is not only essential for membrane association of ARFs, but has also been proposed to play a regulatory role in nucleotide exchange (Liu et al., 2009 ). In the PfARF1 structure, as in other non-myristoylated full-length ARF1 structures, the N-terminal loop is well ordered and lies in a hydrophobic cleft parallel to the C-terminal helix.
Comparison of the PfARF1 structure with those of other ARF1s
Three-dimensional structures of ARF1s from a number of organisms have been reported in various forms: full-length proteins or truncated versions from which the N-terminal 17 residues have been deleted (Á17) bound to either GDP or nonhydrolyzable GTP (see Cartoon drawing of the structure of PfARF1 (light pink). The switch 1 (residues 42-52) and switch 2 (residues 70-85) regions are colored red; the N-terminal helix (residues 1-17) is shown in green. The GDP molecule is shown as a stick model. Table 2 ). While most of these structures contain non-myristoylated protein, solution structures have been determined using myristoylated versions. The amino-acid sequences of ARF1s from various species are homologous (Fig. 3a) . As expected, the three-dimensional structures of the various ARF1s are highly conserved except in the switch regions, which display significant conformational differences in the GDP-bound and GTP-bound states of ARFs and other small GTPases (Kjeldgaard et al., 1996) . The two 'switch regions' are regions of GTPases that have been implicated in their interactions with specific GTP/GDP-exchange proteins (GEPs) and GTPaseactivating proteins (GAPs). The overall structure of PfARF1 is similar to those of full-length ARF1 from human (PDB code 1hur) and rat (PDB codes 1rrf and 1rrg), but shows differences, mainly in the switch 1 (residues 42-52) and switch 2 (70-85) regions, even though these structures are also GDP complexes (Fig. 3b) . Comparison of the PfARF1 structure with that of Á17 human ARF1-GDP, which forms part of a complex with ARFGAP (coordinates obtained from Jonathan Goldberg), revealed no major structural differences outside the switch regions (Goldberg, 1998) . Superposition of the PfARF1 structure with the recently determined structure of L. major ARF-like 1 protein (PDB code 2x77) also exhibited a very similar structure except in the switch regions (a) Sequence alignment of PfARF1 with representative ARF1s. The L. major sequence is extracted from PDB entry 2x77, which was submitted as ARF-like 1. The human, rat and yeast ARF1 sequences were extracted from PDB entries 1hur, 1rrf and 2k5u, respectively; the T. gondii ARF1 sequence was taken from GenBank AAF35891.1. The -helices and -strands in PfARF1 are indicated. This figure was prepared using ALSCRIPT (Barton, 1993) . (b) Superposition of the structure of PfARF1 (light pink), human full-length ARF1-GDP (1hur; green), rat ARF1-GDP (1rrf; yellow) and human Á17 ARF1-GDP (cyan). The coordinates for the last structure were taken from the ARF1-ARFGAP complex (Goldberg, 1999) and were obtained from Jonathan Goldberg. (c) Superposition of the PfARF1 structure (light pink) with the L. major ARF-like 1 protein structure (orange). The switch 1 and switch 2 regions in the PfARF1 structure are colored red.
( Fig. 3c) . However, the solution structures of various ARF1s determined using NMR methods differ considerably from the crystal structures (Seidel et al., 2004) . The positions of the GDP molecules in the crystal structures of PfARF1, hARF1 and rat ARF1 are nearly identical. The fivefold coordination sphere of the Mg 2+ ion in the present structure is similar to that in the rat ARF1-GDP complex (Greasley et al., 1995) . In the structure of human ARF1-GDP (Amor et al., 1994) , the Mg 2+ coordination was reported to be sevenfold in a pentagonal bipyramidal arrangement. Since these crystals were grown in the presence of a high concentration of calcium chloride, the metal ion in this structure may represent Ca 2+ (Greasley et al., 1995) . The biochemical action of ARFs involves the recognition of and interaction with a number of binding partners. These interactions have been characterized using proteins from various organisms (Goldberg, 1998 (Goldberg, , 1999 Mossessova et al., 1998; Renault et al., 2003) . Although the sites for interaction with partners have not been mapped specifically on PfARF1, considering the highly conserved primary sequences of ARF1s, particularly in the switch areas, these sites are expected to be similar to those of ARF1s from other organisms. Despite the overall structural similarity and conserved sequences, analyses of the molecular surfaces of hARF1 and PfARF1 show areas that are significantly different in terms of their surface accessibility and distribution of electrostatic potential (Fig. 4) . One such region (shown in Fig. 4) contains Arg162. In human, rat and yeast ARF1 a serine residue occupies the equivalent position. Alignment of amino-acid sequences of ARF1 proteins from multiple protozoan parasites shows either a serine or a threonine residue at this position, but an arginine is present as a signature residue in all species of Plasmodium. Further molecular and structural data will be necessary in order to determine whether these sites on the PfARF1 surface represent areas for specific intermolecular interactions. Interestingly, the predicted primary sequence of Plasmodium ARFGEF suggests a novel structural organization for this molecule (Baumgartner et al., 2001) . Future studies may reveal new proteinprotein interaction sites at the PfARF1-ARFGEF interface that could be of interest for therapeutic development.
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